In a 3D environment, motile cells accommodate their protruding and retracting activities to geometrical cues. Dictyostelium cells migrating on a perforated film explored its holes by forming actin rings around their border and extending protrusions through the free space. The response was initiated when an actin wave passed a hole, and the rings persisted only in the PIP3-rich territories surrounded by a wave. To reconstruct actin structures from cryo-electron tomograms, actin rings were identified by cryo-correlative light and electron microscopy, and thin wedges of relevant regions were obtained by cryo-focused ion-beam milling. Retracting stages were distinguished from protruding ones by the accumulation of myosin-II. Early actin rings consisted of filaments pointing upright from the membrane, entangled with a meshwork of filaments close to the membrane. Branches identified at later stages suggested that formin-based nucleation of filaments was followed by Arp2/3-mediated network stabilization, which prevented buckling of the force-generating filaments.
INTRODUCTION
Eukaryotic cells that migrate in a tissue, such as neutrophils, macrophages, keratocytes, or fibroblasts, use geometrical cues in their 3D environment for orientation (Cukierman et al., 2001; Pampaloni et al., 2007; Schmeichel and Bissell, 2003) , and phagocytes recognize convex surfaces as signals for particle uptake (Champion and Mitragotri, 2006; Clarke et al., 2010) . The same applies to Dictyostelium and other free-living amoeboid cells migrating in an irregularly structured habitat between soil particles. The cultivation of cells on a planar glass surface, as conventionally used for microscopic observations, does not force cells to exercise their capabilities of recognizing surface structures and responding to spatial cues. To explore these capacities, structured hydrogels (Zorlutuna et al., 2012) or elastic networks of extracellular matrices (Austen et al., 2013) have been developed, and the behavior of cells in these 3D environments has been monitored. On a substrate surface patterned by ridges, cells show responses that are relevant to tissue engineering: the orientation, shape, or positioning of the cells vary depending on the width, depth, or profile of the ridges (Driscoll et al., 2012) .
In order to penetrate barriers, cells in lower and higher metazoans build podosomes, organelles specialized in local force application (Linder and Wiesner, 2015) , and cancer cells respond to mechanical signals by forming invadopodia where they degrade the extracellular matrix to evade into the intercellular space of a tissue (Parekh and Weaver, 2015) . Less sophisticated force-generating structures, named eupodia (Fukui et al., 1999) , are found in cells of Dictyostelium discoideum. A common feature of these organelles is that they are powered by special arrangements of growing actin filaments.
Here we address the structure of the actin system in cells of D. discoideum at the sites of substrate curvature. The arrangement of actin filaments is related to the local synthesis of phosphatidylinositol 3,4,5-trisphosphate (PIP3) at the membrane and to the accumulation of the Arp2/3 complex. Specifically, we used perforated silica grids as substrates for cell migration to record actin accumulation in response to regularly spaced holes. As previously reported, cells of the Dictyostelium AX2 strain used tend to form circular actin waves on their substrate-attached surface (Bretschneider et al., , 2009 , and so they did on the silica films. The role of actin waves in priming the response to holes is one subject of this study.
The cells that accumulated filamentous actin at the curved borders of the holes generated force there to extend protrusions through the holes. To analyze the 3D architecture of the network in the light of its force-generating activity, we subjected cells to cryo-electron tomography (cryo-ET). The purpose was to reconstruct the native 3D organization of the actin network at the level of individual filaments, without any disturbance by chemical fixation or the extraction of soluble proteins. In order to target the area of interest by cryo-correlative light and electron microscopy (cryo-CLEM, reviewed by Zhang, 2013) , the cells expressed a fluorescent marker for filamentous actin, LimED-GFP . Since Dictyostelium cells vitrified on a grid had a height of about 5 mm, they were too thick to reveal the actin structure on their ventral surface. Therefore, we prepared compression-free thin wedges accommodating the holes using cryo-focused ionbeam (cryo-FIB) milling (Marko et al., 2007; Rigort et al., 2012a; Villa et al., 2013) . The prevalence of actin filaments pointing upright from the membrane suggested a role for formin-based nucleation at early stages of protrusion. Branches identified at later stages argued for Arp2/3-mediated stabilization of the network. In fact, tomograms showed no buckling of upright filaments.
RESULTS

Curvature Recognition of Migrating Cells
Cells of D. discoideum were exposed to a planar silica film perforated by holes of 1.8-3.0 mm in diameter. Routinely the cells were placed upside down in a ''hanging mode'' below the surface to which they were attached, such that gravity did not assist the cells in monitoring the holes. Imaging the hanging cells using an inverted microscope did not suffer from interference from the optically inhomogeneous grid. When migrating on the grid, the cells responded to some of the holes by the formation of an actin ring around the hole's border ( Figure 1A ). However, other holes also covered by the bottom surface of the cells were disregarded. The borderline between responsive and unsusceptible regions of the cell surface was remarkably sharp, as judged from the formation of incomplete rings at the margin of the responsive regions.
In addition to the response to holes, the actin label expressed in the cells revealed the formation of actin waves at their substrate-attached surface. The response to holes turned out to be initiated by the passage of a wave and to persist in the region circumscribed by the wave ( Figure 1A , right panels). This region, previously called the ''inner territory,'' has been shown to be distinguished from the external area in the phosphoinositide content of the membrane and in the actin-associated proteins of the cell cortex (Arai et al., 2010; Gerisch et al., 2011) .
Since actin waves are most consistently and profusely formed in cells recovering from actin depolymerization , we pretreated cells on the silica grids with latrunculin A and, after removal of this inhibitor of actin polymerization, examined the cells by confocal microscopy. The 145 s stage of Figure 1B depicts a horseshoe-shaped actin wave, as previously observed (Gerhardt et al., 2014; Gerisch et al., 2009) . The local response to holes confirmed that it was in the wave where actin rings were produced around the border of the holes. Coupling of the formation and disintegration of actin rings to the dynamics of actin wave propagation is illustrated in Figure 1C and Movie S1. A particularly clear example of the cut-off of ring formation at the border of a circular (B and C) Two cells pretreated with 5 mM latrunculin A for the depolymerization of actin, in the state of recovering actin polymerization. Left panels: differential interference contrast (DIC) bright-field images of cells on the grids. Middle panels: fluorescence images showing the LimED-GFP label for filamentous actin. Actin rings are formed strictly within territories that are circumscribed by actin waves. Right panels: diagrams representing the shape of the cells (dark on a light background), the ''inner territories'' circumscribed by an actin wave (gray), and the accumulation of filamentous actin in response to holes (white). Numbers indicate seconds. Scale bars, 10 mm. The grid had circular holes of 3 mm diameter. The 0 s frame in (C) corresponds to the 84 s frame in Movie S1. actin wave can be seen at the 874 s stage in Figure 1C , where only half of the bottom surface of the cell responded.
The membrane of the inner territory circumscribed by an actin wave is known to be decorated with PIP3 (Gerisch et al., 2011) . Therefore, we used cells expressing the PIP3 marker GFPPHcrac together with the actin label in order to establish that the region where actin rings persist coincides with the inner territory. Figure 2 confirms co-localization of the actin rings with the PIP3-enriched regions of the substrate-attached cell membrane.
Since the response to holes is restricted to the PIP3-rich area of the membrane that is confined by an actin wave, we explored the role of PIP3 in the response using the phosphatidylinositol 3-kinase inhibitor LY294002 (Vlahos et al., 1994) at concentrations of 50 and 70 mM. At 60 mM, this inhibitor is known to reduce PIP3 in Dictyostelium cells to 5% (Loovers et al., 2006) . At both concentrations, actin rings formed at the border of the holes in the silica film disappeared within 3 min of addition of the inhibitor (except for large protrusions that needed longer to retract), and reappeared within 7 min on removal of the drug.
Involvement of the Arp2/3 Complex and a Putative Role of Formin The Arp2/3 complex responsible for the nucleation of branches on actin filaments (Welch et al., 1997 (Welch et al., , 1998 ) is enriched in actin waves and within the inner territory surrounded by these waves . To examine whether the Arp2/3 To demonstrate the dynamics of the patterns, two points from a time series are displayed for each cell. Panels from left to right: DIC bright field, actin label, PIP3 label, and merged fluorescence images. The inner territories are characterized by the enrichment in PIP3, and the formation of actin rings around holes stops abruptly at the border of these territories, most clearly seen in the 298-s frame in (A). The silica grids had holes of 3 mm diameter as in the previous figure. Scale bars, 10 mm.
complex is involved in the response to holes, cells expressing the GFP-tagged subunit 3 of the complex together with the actin label were allowed to respond to holes. Figure 3 shows that the Arp2/3 complex is associated with the closed actin rings and also with the incomplete ones, both formed at the curved border of the holes. This figure also shows that the response is not specific for a silica surface but is also induced on a holey carbon film.
The genome of D. discoideum contains 12 genes encoding formins and one of them, dDia2, has been shown to be required for filopodia formation (Schirenbeck et al., 2005) . To probe for a role of formins in the response to holes, we applied the inhibitor SMIFH2 of formin FH2-domain activity (Rizvi et al., 2009 ). Within about 1 min, 8 mM of this inhibitor suppressed the response to holes. This effect was fully reversible after removal of the drug.
Cell Protrusions Based on Actin Tube Formation
The question of whether the plasma membrane is bent in response to holes was addressed by staining the membrane with the red-fluorescent dye FM4-64. Since the silica grids are only about 40 nm thick, structures immediately below the grid (on the side of the cells) or above the grid (on the side of protrusions) are represented within a single confocal plane. In Figure 4 and Movie S2, the brightly fluorescent portions of the membrane are sites where the membrane is bent out of the plane of the supporting silica film toward the optical axis. These images show that the actin rings are connected to membrane folds. Accordingly, protrusions penetrate the holes and spread on the opposite side of the film (Movie S3) .
When the confocal plane is close to the planar surface of the silica grids, the holes contrast as dark circular areas against the surrounding PIP3-rich membrane territory (Figure 2 ). To demonstrate that the lack of label is due to the bending of the membrane out of the confocal plane rather than to the absence of PIP3, we acquired image stacks for reconstruction of the PIP3 distribution along the z direction. In fact, the membrane of the protrusions proved to be rich in PIP3 (Movie S4) .
For the 3D reconstruction of entire protrusions, cells expressing PH-PLCd1-GFP (Clarke et al., 2010) , a label for PI(4,5)P2 , and GFP-Arp3 as a subunit of the Arp2/3 complex (green). In (D) two adjacent cells are shown, the bottom cell negligibly expressed the actin label such that primarily the Arp2/3 label is seen. Panels from left to right: DIC bright field, actin label, Arp2/3, and merged fluorescence images. Scale bars, 10 mm. (Stauffer et al., 1998) , were used. Since the label is soluble in the cytoplasm and binds to its target sites at the plasma membrane, it visualizes the volume and accentuates the boundary of the protrusions. Figures 5A , 5B, and Movie S5 illustrate protrusions that are supported by a bent, tongue-shaped layer of actin that extends beyond and below the hole in the silica film. A gallery of consecutive stages illustrating the progression of actin patterns during the development of protrusions is compiled in Figures  5C-5J . The accumulation of filamentous actin begins before the plasma membrane is pushed forward through the hole (Figures 5C and 5D) . Even though an incomplete actin ring supports a protrusion only on one side, the membrane can already be pushed forward 2 mm beyond the hole ( Figures 5E and 5F ). Complete actin rings are actually tubes that extend from the plane of the silica substrate in two directions: through the hole and into the cell body (Figures 5G and 5H) . In advanced protrusions, the actin tubes reach a finite length of 3.2 ± 0.3 mm (±SD). These tubes do not progress all the way to the tip of a bulky protrusion and are clearly distinguishable from the irregularly shaped actin accumulations that demarcate the protrusions' front regions (Figures 5I, 5J, and Movie S6).
To explore whether myosin-II-mediated contractility is required for the protrusive activity, we exposed cells depleted of myosin-II heavy chains to silica grids with a hole diameter of 2 mm. The mutant cells penetrated the holes, forming actin tubes similar to wild-type cells. The protrusions differ therefore from blebs that depend on internal pressure generated by myosin-II (Pasternak et al., 1989) .
Cryo-Electron Tomography of Actin Rings
The live imaging of cells migrating on a perforated grid demonstrated the capability of the cells to recognize the border of a hole. The cells responded by forming an actin ring around the border and by extending a protrusion through the hole. Moreover, fluorescent labeling of the Arp2/3 complex indicated that this nucleator of filament branches is associated with the actin network at the rim of a hole. These findings prompted us to visualize the 3D organization that enables the network to apply force for bending the ventral membrane of the cell. The generation of this force requires actin filaments that push the membrane into the hole and a rigid structure that acts as an abutment, probably built from a fabric of interconnected actin filaments.
For the analysis of actin network structure by cryo-ET, we located the sites of actin accumulation in response to holes using cryo-light microscopy of cells that were co-labeled for actin and PIP3 ( Figure 6A ). Once the coordinates of the actin rings were determined, the vitrified samples were transferred to a cryo-FIB dual-beam instrument (Figures 6B, S1B, S1E, and S1H). As the actin rings are located near the surface of the ventral plasma membrane, we produced wedges of less than 500 nm thickness by ablating the bulk of the cell under shallow angles of an incident ion beam (Figures 6C, S1C, S1F, and S1I). The milled cryo-samples were transferred to a transmission electron microscope to identify the sites of actin accumulation in response to holes ( Figure 6D ). Tilt series of the actin network within and around the holes were recorded, and actin filaments were automatically segmented from the tomograms using dedicated software embedded in Amira (Rigort et al., 2012b) .
Since, in advanced protrusions, actin tubes can reach a length of about 3 mm across the hole, we had to capture a stage of protrusion where the thickness of the sample comprising the protrusion remained below the limit of 500 nm acceptable for cryo-ET analysis. Figure 6E and Movie S7 show the 3D structure of an actin ring in a shallow protrusion extending about 290 nm below the surface of the silica film. After penetrating the hole, the protrusion spreads along the silica surface, similar to the ones shown in Figure 4B . Horizontal actin filaments populate this extension. Filament segmentation of the meshwork within the hole unveiled actin filaments in various orientations relative to the silica surface, as illustrated by the color-coding of filament orientations ( Figure 6E ). Separation of the low-angle (in blue) from the high-angle (in red and green) fraction of filaments revealed a high proportion of upright or oblique actin filaments entangled with the more horizontal ones ( Figures 6F and 6G) . The latter show a preference for circular orientation close to the border of the hole, and appear to be randomly orientated in its core region ( Figure 6E and Movie S7).
In view of the presence of the Arp2/3 complex in the actin network forming a ring, we searched for branched filaments using the analysis described by Jasnin and Crevenna (2015) . Despite the high density of the actin network, 17 branching candidates were detected, applying stringent criteria, in the actin ring. These data support a role of Arp2/3-mediated nucleation during the extension of actin rings through the holes, as indicated by the live imaging data.
Distinguishing Stages of Progression and Retraction in Cryo-Electron Tomograms
Time sequences showed that the protrusions formed in response to holes are dynamic structures that form and regress as the actin waves propagate (as the external area is converted into inner territory and vice versa) (Figures 1, 2 , and Movie S1). In static images, the stages of progression and retraction are hard to discern. In an attempt to distinguish progressing from retracting protrusions in cryo-ET specimens, we explored the assembly of myosin-II within holes. Myosin-II assembles in the tail region of migrating Dictyostelium cells, and in general within retracting portions of these cells (Moores et al., 1996) . As shown in Movie S8, myosin-II assembles in holes when they turn from progression to retraction. Consequently, we took the absence of myosin-II from a ring as an indicator of a progressing protrusion, and the presence of filamentous myosin-II as a marker for a retracting one. Using these criteria, we present a series of cryo-ETs in the putative order of the generation and regression of an actin ring ( Figure 7 and Movies S9-S11).
Early Actin Rings Are Dominated by Upright Filaments
To capture the early response to holes, we explored the actin architecture of incomplete rings, where a sharp borderline separates responsive from unsusceptible regions of the cell surface. We expected the cut-off of ring formation at the border of an actin wave to be reflected in the actin architecture, which it did. Figure 7A and Movie S9 show an incomplete ring lacking myosin-II, indicating that it is a protrusive event. In the unsusceptible region, only a thin layer of sparse, horizontal filaments is recognized. Upright actin filaments are exclusively found in the responsive zone where an actin wave is entering the hole in the substrate surface. A complete actin ring at the onset of protrusion is displayed in Figures 7B, 7C , and Movie S10. A layer of horizontal filaments (in blue) covers the ventral cell membrane spanning the hole. These horizontal filaments are enriched near the rim of the hole, where their circular orientation follows the contour of the substrate surface. At the rim, a dense ring of upright filaments (in red and green) are accumulated, which extend from the membrane into the cytoplasmic space throughout the entire height of the wedge of about 430 nm thickness.
Actin Rings Persist at Early Stages of Retraction
To determine the actin architecture during stages of retraction, we have collected events of actin rings that co-exist with filaments of myosin-II in the central portion of the hole ( Figure 7D ). These events indicate that actin rings persist during the early stages of retraction. Of the 15 retraction events explored after shaving off the cytoplasmic side of the cell using the milling procedure, all except one specimen proved to be too thick for cryo-ET investigation. This means that the membrane of the protrusion was still too far from the silica surface. In the case of retraction from which a tomogram could be obtained, long upright filaments persisted in the ring, forming a tube that extended through the hole into the protrusion ( Figure 7E and Movie S11). Horizontal filaments in the protrusion spreading along the silica surface appeared to be severed, suggesting that these filaments are fragmented first.
DISCUSSION
Response of Cells to the Geometry of a Substrate Surface Eukaryotic cells are capable of sensing the curvature of surfaces and of regulating the structure and activities of the actin system in response to the geometrical cues in their environment. These cues guide the migration of cells in a structured 3D environment and are of particular importance for the recognition of particles by phagocytes (Champion and Mitragotri, 2006) . As shown by the phagocytosis of bipartite particles, cells of D. discoideum distinguish concave from convex surfaces, polymerize actin at the neck region of the particle, and apply force there to separate its two convex halves (Clarke et al., 2010) .
The response of migrating D. discoideum cells to ridges on a surface has been systematically studied by Driscoll et al. (2014) . The cells extended along the ridges and moved by contact guidance preferentially in their direction, while polymerized actin accumulated on both sides of a ridge. The response was strongest when ridges had a spacing of 1.5 mm. The ridges had a width of about 250 nm, which means that at the optimal spacing the grooves between the ridges had a width comparable with 1.8 or 3 mm, the diameter of the holes used in our experiments.
Here we investigated the structure of actin assemblies induced at the border of holes in a silica film, where migrating cells sense a curvature of the substrate. The cells responded by forming actin rings around the border of the holes and extending protrusions toward the other side of the film. When the substrate-attached membrane of the cell was differentiated into two domains separated by an actin wave, the response to holes was restricted to the inner domain, i.e., to the PIP3-rich territory circumscribed by the actin wave (Figure 2 ). The inner territory differs from the external area in phosphatidylinositol lipids of the membrane and in actin-associated proteins of the cell cortex (Gerisch et al., 2011) . This separation into two domains is a benefit of axenically growing cells that lack a Ras-GAP, which in wild-type cells suppresses this separation (Bloomfield et al., 2015) . Our data indicate that these domains separated into wave-forming cells are also distinguished in their capability of responding to substrate structures. The distinction into a responsive and a non-responsive domain has been sharp, as recognized by the formation of incomplete rings at the border of the inner territory.
The actin tubes formed in response to holes extend perpendicular to the thin grids. Consequently, they are only locally in contact with the substrate. This feature distinguishes the tubes from phagocytic cups, which grow by progression of their rim in close contact with the particle surface until the cup closes at the end of the particle. The protrusions that Dictyostelium cells project through holes are similar to the eupodia that these cells push into a deformable substrate such as agarose (Fukui et al., 1999; Fukui and Inoue, 1997) . Eupodia in turn can be considered as primitive counterparts of force-generating podosomes (Linder and Wiesner, 2015; Proag et al., 2015) and of invadopodia instrumental in the invasion of carcinoma cells into tissues (Parekh and Weaver, 2015) . The actin structure that enables Dictyostelium cells to protrude through a hole appears therefore to be a prototype of a series of force-generating machineries.
Correlative Light and Electron Microscopy Combined with Focused Ion-Beam Milling
Here we correlated the localization of fluorescent actin-associated proteins in the cell cortex and of PIP3 in the membrane with the 3D organization of actin networks as revealed by cryo-ET. The goal was to visualize the native structure of the force-generating actin network in an undisturbed molecular environment. Key advantages of our approach are: (1) live cells are immediately vitrified and the specimen is kept continuously in the vitrified state with no need for freeze-substitution of ice against organic solvents; (2) cryo-FIB milling can be guided to fluorescent structures of interest that have been identified by cryo-light microscopy; (3) single actin filaments are visualized with no need for heavy-metal staining; (4) there is no risk of distorting the actin network by chemical fixatives that act as crosslinkers, or by the physical strain associated with mechanical 
Generation of the Filament Arrays in Actin Rings
Using cryo-ET, we analyzed the architecture of actin rings formed around the border of holes in a thin substrate film. According to 3D fluorescence imaging, these rings develop into tubes extending from the border of the hole into two directions: into the cell body and into the protrusion. These tubes are peculiar structures with a finite length of 3 mm ( Figure 5 ). In protrusions that continue growing, the membrane is covered by irregular patches of filamentous actin, distinct from the regular tubes (Figures 5I and 5J ). The question is: how are the actin rings formed in response to holes generated?
At the leading edge of motile cells, actin assembly is initiated by two major classes of filament-nucleating proteins, which differ in the structures they create. Formins generate single actin filaments de novo, the Arp2/3 complex induces branches on a primer filament. These nucleating factors act together to coordinate leading edge protrusion. In PtK1 cells, recruitment of the formin mDia1 to the leading edge precedes actin polymerization that initiates protrusion, whereas recruitment of the Arp2/3 complex follows the protrusion onset (Lee et al., 2015) .
We assume that in the actin rings the molecular inventory involved in the nucleation, branching, and crosslinking of actin filaments is comparable with that at a leading edge. Twelve formins and all the seven subunits of the Arp2/3 complex are encoded in the genome of Dictyostelium cells. The inhibitor SMIFH2 of formin activities prevents the formation of actin rings, and the Arp2/3 complex is associated with these rings. Formin and Arp2/3 appear to join activities in pushing the membrane of Dictyostelium cells through a hole, as they cooperate in the propagation of a leading edge in mammalian cells (Lee et al., 2015) . The growth of actin filaments pointing upright from the membrane in early protrusions suggests an initial formin-driven nucleation step. The detection of branching candidates in a mature ring suggests that the Arp2/3 complex is involved in a later stage of assembly.
Mechanism of Force Generation Deduced from Network Architecture
At an early stage of protrusion through holes, actin networks are distinguished by upright filaments that point with one end to the membrane, probably at sites of membrane-associated formin molecules ( Figure 7A ). When these upright filaments are growing against the membrane, they may bend the membrane provided they are crosslinked to entangled filaments that act as an abutment (Mogilner and Oster, 1996) . For the abutment to work, it should be rigid and not allow buckling of the upright filaments (Kovar and Pollard, 2004) , because their buckling would prevent the transmission of force to the membrane (Pollard, 2007) . The architecture of an actin ring at protrusion onset displayed in Figures 7B and 7C shows a layer of horizontal filaments (in blue) in the vicinity of the membrane, some of them close enough to minimize buckling of the segments of upright filaments that point from this network toward the membrane (in red).
Branches induced by the Arp2/3 complex are known to increase tension in an actin network (Achard et al., 2010) , which implies that they increase its rigidity. In a mature ring we identified branches, suggesting that the Arp2/3 complex is involved in stabilizing the network.
In conclusion, we assume that for generating force to push the cell membrane through a hole, both the upright filaments and the filaments that extend at a lower angle or parallel to the membrane will be required. As the tomograms indicate, the force-generating network is designed to efficiently prevent the buckling of actin filaments.
EXPERIMENTAL PROCEDURES
Cell Culture, Electric-Pulse-Induced Fusion, and Drug Treatment Cells of D. discoideum strain AX2-214 expressing fluorescent proteins were cultivated in nutrient medium. Cells were washed twice in 17 mM K/Na-phosphate buffer (PB; pH 6.0), and adjusted to 2.5 3 10 5 cells per ml. 1 ml of this suspension was pipetted onto plasma-cleaned, holey-SiO 2 or carbon filmcoated gold electron microscopy (EM) grids (R2/4, 3 mm holes; R1.2/20, 1.8 mm holes; R2/1, 2 mm holes; and R2/2, 2 mm holes) (Quantifoil Micro Tools) placed in a MatTek glass bottom dish (MatTek Corporation) for confocal imaging, or in a small Petri dish for ET. The cells were starved in PB for 3 hr for adhesion on the grids. Large cells were produced by electric-pulse-induced fusion as previously described (Gerisch et al., 2013) . After the fusion, aliquots of the cells in PB were dropped onto the grids in a glass-bottomed dish. All procedures were carried out at 23 C ± 2 C.
For actin depolymerization and recovery, cells incubated for 1 hr were treated for 15 min with 5 mM latrunculin A (Life Technologies, Molecular Probes). After removal of the drug, cells were kept for another 30-45 min on the grid. For treatment with SMIFH2 (Sigma-Aldrich) a stock solution of 10 mM in DMSO was diluted to 8 mM in PB. The cells were incubated for 10 min on the grids and, after removal of the inhibitor, kept up to 45 min for recovery. For treatment with LY-294002 (Sigma-Aldrich), a 20 mM stock solution in water-free DMSO was diluted with PB to 50 or 70 mM. After incubation for 10 min, the drug was replaced with PB.
Confocal Microscopy
Cells expressed LimED-GFP (Bretschneider et al., 2002) or mRFP-LimED (Fischer et al., 2004) in combination with either superfolding-GFP-PHcrac (Mü ller-Taubenberger and Ishikawa-Ankerhold, 2013), PH-PLCd1-GFP (Clarke et al., 2010) , Arp3-GFP (Diez et al., 2005) , or GFP-myosin-II heavy chains (Moores et al., 1996) in an AX2 wild-type background or LimED-GFP in a myosin-II-null background (DeLozanne and Spudich, 1987) . For labeling of the plasma membrane, a stock solution of 1 mg/ml of FM4-64 (Life Technologies) in DMSO was diluted 1:4,000 into PB immediately before use. Images were acquired at an LSM 780 equipped with a Plan-APO 633/NA1.46 oil immersion objective (Carl Zeiss Microscopy). Time series were recorded at a frame-to-frame interval of 1 s. The confocal images were processed using Fiji (http://fiji.sc/Fiji) (Schindelin et al., 2012) . z Stacks were acquired with a spacing of 200 nm. For 3D visualization in Figure 5 , the 3D viewer plugin of ImageJ was used (Schmid et al., 2010) and a linear mean filter with a kernel of 3 3 3 3 3 pixel size was applied to these images using the ImageJ mean filter plugin.
Vitrification
For cryo-preparation, 15 nm BSA-coated colloidal gold (Aurion) was added to the buffer of a giant-cell preparation before deposition on the grids. Shortly before cryo-preparation, the grids were scrutinized using an inverted Axiovert 200M fluorescence microscope (Carl Zeiss Microscopy) equipped with a NeoFluar 403 or 633 objective. For vitrification, excess liquid was removed from the grid by blotting with Whatman Grade 1 filter paper from the reverse side, and the grids were rapidly plunge-frozen in a liquid ethane-propane (37%/63%) mixture.
Cryo-Light Microscopy and Cryo-Focused Ion-Beam Milling
The vitrified EM grids were clipped into autogrids (Rigort et al., 2012c) and transferred into a CorrSight microscope (FEI Company) operated at cryo-temperatures. The coordinates of actin rings were determined using MAPS software (Arnold et al., 2016) . The autogrids were then loaded into a shuttle and inserted into a cooled stage in the chamber of an FEI DualBeam (FIB/SEM) system (Quanta 3D FEG, FEI Company). Wedges of <500 nm thickness were produced by ablating the bulk of the cell under shallow angles of the incident ion beam.
Cryo-Electron Tomography
The autogrids were transferred into a Tecnai G2 Polara transmission electron microscope (FEI Company), equipped with a 4k 3 4k K2 Summit direct electron detector (Gatan). The electron microscope was equipped with a Gatan GIF 2002 post-column energy filter operated in zero-loss mode, and operated at an acceleration voltage of 300 kV. Single-axis tilt series were recorded using the SerialEM software (Mastronarde, 2005) , typically from À60 to +60 with a tilt increment of 2 at a defocus value of 8 mm. The cumulative electron dose did not exceed 180 electrons per Å 2 . Pixel size at the specimen level was 0.522 nm. Tilt series were aligned using gold beads as fiducial markers, and 3D reconstructions with final voxel sizes of 2.088 nm were obtained by weighed back projection using IMOD software (Kremer et al., 1996) .
Influence of the Missing Wedge
Since tilt series in cryo-ET are acquired over a restricted tilt range, there is information missing in the 3D reconstructions. This problem is commonly referred to as the ''missing wedge'' effect (Lucic et al., 2005) . In Figures 6E and 7B, the tilt axis coincides with the x axis, which means that the missing wedge affects filaments in the y,z plane (Jasnin and Crevenna, 2015) . The attenuation of these filaments does not significantly affect our conclusions because the holes in the films have a rotational symmetry.
Automated Filament Segmentation
Tomograms were subjected to nonlocal-means filtering using the Amira software (Stalling et al., 2005) (FEI Company), and actin filaments were traced by an automated segmentation algorithm based on a generic filament of 8 and 42 nm diameter and length, respectively, as a template (Rigort et al., 2012b) . To reduce background noise, structures of <70 nm lengths were filtered out.
Analysis of Branch Orientation
The approach developed by Jasnin and Crevenna (2015) was used to detect branching candidates. Filaments forming a branch were pre-selected using an Amira module to identify potential contact points between filaments (Rigort et al., 2012b) . The algorithm provides a list of filament pairs in which one filament resides close to one end of the other filament, and where a path with nearly constant density connects this end and the neighboring filament. Selected filaments were oversampled at 0.1 nm intervals followed by an undersampling at 2 nm intervals in MATLAB. Only filaments that approached each other by %10 nm were taken into account. The point on the mother filament closest to the end of the daughter filament was considered as the putative branching site. We evaluated the orientation of the mother filament on both sides of the branch over a filament length of 36 nm, and eliminated mother filaments in which the two sides of the branch deviated by R10 from each other. The angles between mother and daughter filaments were determined by measuring the orientations of both filaments over a length of 36 nm from the branch site. We collected branch configurations with angles between 30 and 90 to cover the branches with the 70 angle reported for Arp2/3-mediated branches (Amann and Pollard, 2001; Mullins et al., 1998; Welch et al., 1998) and potential deviations of the angle during force production. A final selection of branches was performed visually in Amira, by checking their accurate assignment with the filaments forming a putative branch.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and eleven movies and can be found with this article online at http://dx. In a cell expressing LimEΔ-GFP as an actin label, the membrane was labeled with FM4-64. Confocal fluorescence images are focused on the silica surface to visualize the plasma membrane in cross-sections through the holes, and progressing or retracting protrusions that are spread on the opposite face of the film. Time is indicated in seconds at the bottom of the left panel. Bar, 10 µm.
Movie S3. PIP3-rich protrusions spreading on the opposite face of a silica film. The movie is related to Figure 2 . In a cell expressing GFP-PHcrac (green) as a label for PIP3 and mRFP-LimEΔ (red) for actin, the expansion and retraction of protrusions were imaged by bright field (left panel) or confocal fluorescence microscopy (middle and right panels) on a silica film with holes of 3 µm diameter. The fluorescence images show from left to right: merged image of PIP3 and actin labels, actin label, PIP3 label. Time is indicated on the right of left images. Bar, 10 µm.
Movie S4. 3D displays of PIP3 enrichment in two protrusions. The movie is related to Figure 2 . The cells expressed GFP-PHcrac for PIP3 (green) and mRFP-LimE∆ for actin (red). In the top panels the movies show maximum projections from z-stacks through the cell bodies and through protrusions on the opposite side of the carbon film. The position and scan direction a to a' of the reslice line is indicated in the first frames. In the bottom panels the reslices through the z-stacks are rotated clockwise from 0 o to 179 o in 1 o steps around the center of each hole as indicated in the maximum projections. The carbon film is shown as a line. In the left example, PIP3 is most strongly enriched at the outside of the actin tube. In the right example, the membrane of the whole bulky protrusion is decorated. The images have not been subjected to deconvolution. The carbon film had holes of about 2 µm diameter with only a small interspace of 1 µm for the left or 2 µm for the right example. Bar in the upper panels is 10 µm, the bars in the bottom panels are 2 µm.
Movie S5. Volume rendering of a cell forming protrusions through the holes of a silica film. The same cell is shown in Figure 5 A Movie S7. Cryo-ET of a mature actin ring assembled in a giant cell in response to a hole in the silica film. Movie S7 is related to Fig. 6 E, F and G. Tilt series were collected from −54° to +58° with 2° angular increment and a defocus value of 8 µm in a transmission electron microscope (FEI Tecnai G2 Polara) using SerialEM, reconstructed using imod and rendered threedimensionally using Amira. The tomogram was reconstructed using weighted-back projection. Filaments were automatically segmented using an Amira package. First, tomographic slices along the z-axis of the volume are shown, from the tip of the protrusion to the cytoplasmic side. Then, renderings represent the segmented filaments in a blue-to-red color map indicating their orientation relative to the silica surface. The plasma membrane is shown in gray and the hole's border in brown. Finally, the 3D volume is rotated, first along the x-axis, then along the z-axis. The image is rendered with 3D perspective. For scale reference: the hole's diameter was 1.8 µm.
Movie S8. Accumulation of myosin II within actin rings during the retraction of protrusions. The movie is related to Figure 7 D. Giant cells expressing GFP-myosin II (green) and mRFP-LimEΔ (red) were exposed to a silica film perforated with holes of 1.8 µm diameter at a distance of 20 µm. Actin rings were formed and disassembled in accord with the expansion and regression of actin waves, and myosin II accumulated before the disassembly. Time is indicated in seconds. Bars, 10 µm.
Movie S9. Cryo-ET of an incomplete actin ring at an early stage of curvature recognition. Movie S9 is related to Fig.  7 A. The incomplete ring was assembled in a giant Dictyostelium cell by an actin wave in response to a hole on a planar silica surface. Cells were fused by electrofusion. Tilt series were collected from −60° to +60° with 2° angular increment and a defocus value of 8 µm in a Polara transmission electron microscope. First, tomographic slices along the z-axis are shown, from the plasma membrane toward the cytoplasm. Then, renderings show the segmented filaments in a blue-to-red color map indicating their orientation relative to the silica surface. The hole's border is shown in brown. Finally, the 3D volume is rotated, first along the x-axis, then along the z-axis. For scale reference: the hole's diameter was 1.8 µm.
Movie S10. Cryo-ET of an actin ring before protrusion onset. Movie S10 is related to Fig. 7 B and C. The actin ring was assembled in a giant Dictyostelium cell in response to a hole in a silica surface. Tilt series were collected from −52° to +60° with 2° angular increment and a defocus value of 8 µm, in a Polara transmission electron microscope. First, tomographic slices along the z-axis of the volume are shown, from the plasma membrane toward the cytoplasm. Then, renderings show the segmented filaments in a blue-to-red color map indicating their
